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Mechanisms underlying Ca21 signaling during human myoblast
terminal differentiation were studied using cell cultures. We
found that T-type Ca21 channels (T-channels) are expressed in
myoblasts just before fusion. Their inhibition by amiloride or
Ni21 suppresses fusion and prevents an intracellular Ca21 con-
centration increase normally observed at the onset of fusion.
The use of antisense oligonucleotides indicates that the func-
tional T-channels are formed by a1H subunits. At hyperpolarized
potentials, these channels allow a window current sufficient
to increase [Ca21]i. As hyperpolarization is a prerequisite to
myoblast fusion, we conclude that the Ca21 signal required
for fusion is produced when the resting potential enters the
T-channel window. A similar mechanism could operate in
other cell types of which differentiation implicates membrane
hyperpolarization.

A t terminal differentiation, skeletal muscle myoblasts fuse to
form multinucleated myotubes. This fusion process is

crucial for the development of skeletal muscles and, in the
adult, for muscle repair and hypertrophy. Fusion is strictly
Ca21-dependent (1, 2), as it is inhibited by low extracellular or
intracellular Ca21 concentrations (3, 4), and there is evidence
that a net Ca21 influx into myoblasts is a prerequisite for
myotube formation (5, 6).

The mechanism by which Ca21 enters myoblasts before
fusion is still a matter of debate (7–10). Using clonal myoblast
cultures, we have examined how Ca21 enters human myoblasts
at the onset of fusion. The results presented here indicate that
voltage-gated T-type Ca21 channels are required for myoblast
fusion. We found that the biophysical properties of human
T-type Ca21 channels of fusion-competent myoblasts allow a
substantial window current at hyperpolarized potentials. As
myoblasts hyperpolarize just before fusion (11–13), we suggest
that the Ca21 signal required for human myoblasts to fuse is
mediated by calcium ions entering into the cells via this
window current.

Experimental Procedures
Dissociation and Culture Procedures and Electrophysiological Record-
ings. Human skeletal muscle and clonal cultures of myoblasts
were prepared as described (11, 14). Voltage-clamp recordings
were obtained at 20–22°C by using the whole-cell version of the
patch-clamp technique (11, 15). Solutions to record T-type Ca21

currents were as follows. Intracellular (pipette) solution (in
mM): KCl 115, TEA-Cl 30, MgCl2 2, Hepes 10, glucose 5,
1,2-bis(2-aminophenoxy)ethane-N,N,N9,N9-tetraacetate
(BAPTA) 1, MgATP 3 (pH 7.3). Bath (extracellular) solution (in
mM): CaCl2 1.8, TEA-Cl 130, KCl 5, Hepes 5, MgCl2 2, glucose
8, tetrodotoxin 0.01, 4-AP 2, nifedipine 0.01 (pH 7.4).

Antisense Oligonucleotide Injection into Small Myotubes. Oligonu-
cleotides were synthesized (Eurogentec, Brussels) based on

available sequences of human T-channel a1 subunits: Antisense
against a1G: 59-GCACCTGTACTCTGTGTCTC-39 (nucleo-
tides 2,084–2,103, GenBank accession no. AF126966); antisense
against a1H: 59-GCGCCCTCGGTCATGGTGGC-39 (nucleo-
tides 72–91, GenBank accession no. AF051946); antisense
against a1I: 59-CCTTGTATGGTGAAGTTCTC-39 (nucleo-
tides 727–746, GenBank accession no. AF129133). A scrambled
oligonucleotide (59-CTAGGTAGTCGCTCCTGCGT-39) was
used as control.

Myotubes (200–400 pF) were injected with an INJECT 1
MATIC microinjector system (INJECT 1 MATIC, Geneva).
The solution of the injection pipette contained (in mM) anti-
sense oligonucleotides 0.4, KCl 135, NaCl 5, MgCl2 1, Hepes 5,
BAPTA 0.05, glucose 5 (pH 7.3). To identify the injected
myotubes 48 h after the injections, the pipette solution contained
2.5 mgyml neutral dextran rhodamine B, 70 kDa (Molecular
Probes).

Intracellular Free Ca21 ([Ca21]i) Measurements. (i) Evaluation of
resting [Ca21]i using fura-2-AM (Fig. 1). Myoblasts were cultured
for 3–4 days at low density in proliferation or differentiation
medium, with or without drugs. On the day of the experiment,
myoblasts were preincubated in differentiation medium contain-
ing 4 mM fura-2-AM. Free [Ca21]i was evaluated as in ref. 12.
Calibration was achieved by using the equation: [Ca21] 5 Kd z
(F380minyF380max) z [(R 2 Rmin)y(Rmax 2 R)], where Kd was 225
nM, R is the ratio of the two fluorescence intensities (340
nmy380 nm excitation light), Rmin was measured in a solution
containing no Ca21 (10 mM BAPTA), Rmax was measured in a
solution containing 1.8 mM Ca21, and F380min and F380max were
the fluorescence intensities of all wavelengths longer than 520
nm of the calibration solutions containing no Ca21 or 1.8 mM
Ca21, respectively (excitation at 380 nm). The calibration pa-
rameters (Rmin, Rmax, F380min, F380max) were measured before
each experiment.

(ii) Evaluation of [Ca21]i increase using indo-1 (Fig. 6). Free
[Ca21]i and simultaneous whole-cell voltage-clamp measure-
ments were performed on small myotubes (100–230 pF; 7–10
days in differentiation medium). Pipette and bath solutions
were as described above, except that, in the pipette solution,
the BAPTA was replaced by 100 mM indo-1. Emitted f luo-
rescence was recorded at 405 and 485 nm (excitation 334 nm)
with two Nikon P100 photometers. The use of 8 standard
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solutions (between 12 and 1,000 nM free Ca21) allowed a
direct evaluation of [Kd z (F485minyF485max)], which was 1033
6 189 nM. Mean Rmin and Rmax were 0.039 6 0.004 and 0.49 6
0.04 (n 5 5), respectively.

T-Channel Subunit Expression Analysis by Reverse Transcription–PCR.
Reverse transcription–PCR was performed to detect a1 subunit
transcripts of T-type Ca21 channels. The primers (Microsynth,
Balgach, Switzerland) used to amplify the 59coding region
included EcoRV and StuI restriction sites (italicized) for sub-
cloning. H1GF4: 59-CGGATATCCGCTCATGCTGCCAC-
CACC-39 (nucleotides 1,769–1,785, GenBank accession no.
AF126966); H1GR4: 59-GAAGGCCTTCCACCTGTACTCT-
GTGTC-39 (nucleotides 2,086–2,102, GenBank accession no.
AF126966); H1HF1: 59-CGGATATCCGGTTCGAGCTCG-
GCGTGTCAC-39 (nucleotides 203–222, GenBank accession no.
AF051946); H1h1: 59-GAAGGCCTTCCGTTGCGTGCA-
GCGCCCACC-39 (nucleotides 1,061–1,080, GenBank accession
no. AF051946); H1IF2: 59-CGGATATCCGCAAGGGGATGT-
GGCCTTGCC-39 (nucleotides 742–761, GenBank accession no.
AF129133); H1IR1: 59-GAAGGCCTTCTAGTAACGGTTC-
CAGTTGAC-39 (nucleotides 949–968, GenBank accession no.
AF129133).

Statistics. Unless specified, results are expressed as the
means 6 SEM.

Results
Human Myoblasts Require Both Extra and Intracellular Ca21 To Fuse.
Human myoblasts can be induced to fuse into multinucleated
myotubes by replacing the proliferation medium with differen-
tiation medium (14), and maximum fusion is usually reached
within 2–3 days. Reducing the Ca21 concentration of the dif-
ferentiation medium from 1.8 mM to 14 mM inhibited fusion by
95 6 3%. To evaluate the need for intracellular Ca21, myoblasts
were loaded with the Ca21 chelator BAPTA to reduce [Ca21]i.
The presence of 30 mM BAPTA-AM for 36 h in differentiation
medium reduced fusion by 49 6 3%. Higher concentrations of
BAPTA-AM were toxic to the cells. These results indicate that
a reduction of either extra or intracellular Ca21 affects human
myoblast fusion.

A Subpopulation of Fusion-Competent Myoblasts with an Increased
[Ca21]i. As Ca21 is required for fusion to occur, we examined
whether the resting [Ca21]i of undifferentiated myoblasts was
lower than that of fusion-competent myoblasts. These latter cells
are myoblasts cultured at low density in the differentiation
medium for 2–3 days. In these conditions, myoblasts are induced
to proceed through the steps preceding fusion but, as they cannot
contact neighboring cells, they remain mononucleated (16). Fig.
1 shows that undifferentiated myoblasts have a homogenous
resting [Ca21]i of 62 6 14 nM (mean 6 SD), whereas the
population of fusion-competent myoblasts consists of two sub-
populations characterized by different resting [Ca21]i. Eighty
percent of the fusion-competent myoblasts have a resting [Ca21]i
similar to that of undifferentiated myoblasts (65 6 14 nM, n 5
393); the remaining 20% have a significantly (P , 0.001)
increased resting [Ca21]i (105 6 21 nM, n 5 98).

The molecular mechanisms responsible for the high resting
[Ca21]i in some fusion-competent myoblasts were investigated in
myoblasts exposed to selected drugs for 3–4 days. In the presence
of nifedipine (10 mM), an L-type channel antagonist, the two
subpopulations with low and high [Ca21]i were present (60 6 17
nM and 99 6 20 nM, respectively). The culture medium was
renewed every day to avoid nifedipine degradation. On the other
hand, when either Ni21 (200 mM) or amiloride (100 mM) (17),
two T-type Ca21 channel antagonists, was added to the differ-

entiation medium, the cells remained as a homogenous popu-
lation of cells with low resting [Ca21]i (data not shown).

These results indicate that voltage-gated T-type Ca21 chan-
nels, rather than L-type, could be responsible for the increase
of [Ca21]i that precedes fusion. This prompted us to explore for
the presence of T-type Ca21 channels in fusion-competent
myoblasts.

Voltage-Gated T-Type Ca21 Channels Are Expressed in Fusion-
Competent Myoblasts. Undifferentiated myoblasts do not express
T-type Ca21 channels. The earliest recording of T-current was
obtained in fusion-competent myoblasts 24 h after transfer to
differentiation medium. After 3–4 days in differentiation me-
dium, about 25% of recorded myoblasts expressed T-channels.
Fig. 2 A and B shows typical T-currents, carried here by Ba21.
The T-current has a low threshold of activation, inactivates
quickly during depolarizing voltage steps, and is inhibited by
amiloride (Fig. 2 A) and Ni21 (Fig. 2B). A dihydropyridine-
sensitive Ca21 current was also seen in a small fraction of
fusion-competent myoblasts (about 10%) after 3–4 days in
differentiation (data not shown). This current was considered to
be an L-type current.

Before testing the effect of amiloride and Ni21 on myoblast

Fig. 1. A subpopulation with increased resting [Ca21]i appears in fusing
myoblasts. Myoblasts have been distributed in 16 bins of 10 nM according to
their resting [Ca21]i. Distributions were fitted with either a simple (Inset,
undifferentiated myoblasts: UD-MB) or a double (fusion-competent myo-
blasts: FC-MB) Gaussian equation. To emphasize the difference, the double
Gaussian fit from the main graph is shown in the inset as a broken line.

Fig. 2. Currents through T-type Ca21 channels in fusion-competent myo-
blasts. Ba21 (10 mM) was used as a charge carrier. (A) The cell was held steadily
at 290 mV and stepped to values between 270 mV and 130 mV for 80 ms.
Peak T-currents were plotted in the absence (squares) and in the presence of
300 mM amiloride (circles). Leak current was estimated by adding 1 mM Cd21

and was subtracted. (Inset) Voltage step to 220 mV. (B) Another cell. Voltage
step to 210 mV. Ni21 (50 mM) also blocks T-channels.

7628 u www.pnas.org Bijlenga et al.



fusion (see below), we examined the ability of these agents to
discriminate between T- and L-channels in fusion-competent
myoblasts and small myotubes. For convenience, as L-current is
expressed only in a small fraction of fusion-competent myoblasts
but in all small myotubes, the pharmacology of the L-current was
mostly done in small myotubes. As expected, T-type current is
very sensitive to amiloride (IC50 5 25 mM, n 5 6) whereas L-type
current is not affected by 100 mM amiloride (P 5 0.74, n 5 5).
Conversely, Ni21, which has been described to block more
efficiently T- than L-current in neurons (18), inhibits T- and
L-currents recorded in fusion-competent myoblasts and small
myotubes with almost the same potency (T-current: IC50 5 13
mM, n 5 14; L-current: IC50 5 31 mM, n 5 6). We therefore
conclude that human myogenic cells express T-channels just
before fusion and that, unlike L-channels, these channels can be
inhibited by amiloride.

Molecular Characterization of T-Type Ca21 Channels. We examined
whether the T-channels expressed in fusing myoblasts could be
encoded by one of the three a1 subunit genes recently identified.
These three subunits (a1G, a1H, and a1I) encode T-type Ca21

channels in neurons and heart cells (19–23). The presence of
T-channel a1 subunit transcripts in fusing myoblasts and myo-
tubes was evaluated by reverse transcription–PCR using sets of
primers to amplify 59 coding regions. PCR fragments of expected
size for all three T-channel a1 subunits could be detected in both
preparations of myogenic cells (Fig. 3A).

To characterize further the a1 subunit gene(s) forming the
T-channels recorded in fusing myoblasts, antisense oligonucle-
otides were designed to specifically hybridize to nonconserved
59-regions of the a1G, a1H, or a1I transcripts. As T-channels are
expressed in only about 25% of fusion-competent myoblasts,
oligonucleotides were injected into small myotubes, shortly after
fusion, which always express a T-current. This procedure is
justified by the fact that the biophysical properties of the
T-current in fusion-competent myoblasts and myotubes are
identical (see below; Table 1). Fig. 3B shows that exclusively
antisense oligonucleotides directed against the a1H transcript
could significantly reduce the T-type Ca21 conductance. The
remaining small conductance not affected by the a1H antisense
is probably attributable to T-channels that escaped the antisense
strategy (e.g., slow protein turnover).

From these data, we propose that a1H subunits form the main

functional T-channel in these cells. This conclusion is further
supported by the pharmacological profile of the a1H subunit.
Indeed, recent work indicates that the Ni21 IC50 value for a1H
is around 13 mM whereas the corresponding IC50 values for a1I
and a1G are 17- to 19-fold higher (216 and 250 mM, respectively)
(24). We found a Ni21 IC50 value of 13 mM for the T-current
expressed in human myoblasts (see above).

Myoblast Fusion Requires Voltage-Gated T-Type Ca21 Channels. Our
results suggest that the expression of T-type Ca21 channels and
the increase of resting [Ca21]i in a subpopulation of myoblasts
may be linked events that precede fusion. As both T-channel
activity and the increase of resting [Ca21]i can be suppressed by
either Ni21 or amiloride, we tested whether fusion was indeed
blocked in the presence of these compounds.

Both Ni21 (200 mM) and amiloride (100 mM) inhibited fusion
drastically (Fig. 4 A and B, triangles) with respect to control (Fig.
4 A and B, squares). To rule out possible toxic effects of these
compounds on myoblasts, they were removed from the culture
medium after 24–36 h, and fusion was evaluated 36–48 h later.

Fig. 3. Presence of T-channel a1 subunits in fusing myoblasts and myotubes.
(A) PCR products of expected sizes for the three a1 subunits were obtained
from human fusion-competent myoblasts (FC) and myotubes (MT). Sequenc-
ing revealed 100% identity with sequences of human Ca21 channel subunits.
(B) Whole-cell T-type Ca21 conductances recorded in small myotubes 48 h after
cytoplasmic injection of antisense (AS) or scrambled (SCR) oligonucleotides.
Between 10 and 13 cells were recorded in each condition.

Fig. 4. Ni21 and amiloride, but not nifedipine, inhibit myoblast fusion. (A
and B) Myoblast fusion is inhibited by Ni21 (A) and amiloride (B), and the effect
is reversible. Fusion was induced with differentiation medium and was as-
sessed three times within 3 days in culture. The fusion index is defined as the
number of nuclei in myotubes divided by the total number of nuclei counted
(16). Fusion in control conditions is represented by squares. In sister cultures,
the two compounds were added to the differentiation medium either during
the entire experiment (triangles) or for a period of 24–36 h (circles). Error bars
are omitted because they are smaller than symbols. (C) Myoblast fusion is not
affected by nifedipine. Squares represent the fusion rate in control conditions
and triangles in the presence of 10 mM nifedipine. Photographs represent
hematoxylin-stained cultures after 3 days in differentiation medium without
(CTRL) and with Ni21, amiloride, or nifedipine. (Bars 5 40 mm.)
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Fig. 4 A and B, circles and ‘‘wash-out’’ dotted line, shows that
fusion proceeded normally after Ni21 or amiloride removal.

Similar inhibitions of myoblast fusion by Ni21 and amiloride
were observed in three independent experiments. In contrast,
when nifedipine (10 mM) is added for 3 days to the differenti-
ation medium, fusion proceeds normally (Fig. 4C; similar results
were observed in two other experiments).

These observations indicate that the inhibition of myoblast
fusion by amiloride and Ni21 is not a result of a toxic effect of
these compounds and that, unlike L-type Ca21 channel activity,
T-type Ca21 channel activity appears required for the normal
fusion process to occur.

To exclude that the observed effect of amiloride and Ni21 on
fusion was attributable to an interference with any Na1yH1

exchanger, ethylisopropyl amiloride, a compound that inhibits
these exchangers with a much higher potency than amiloride, was
tested on myoblast fusion. Ethylisopropyl amiloride, at a con-
centration of 20 mM, which should massively inhibit amiloride-
sensitive Na1yH1 exchangers (25, 26), was applied on the cells
for 36 h and produced only a small decrease in myoblast fusion
from 72 6 2% to 64 6 2%. These results show that most of the
effect of amiloride on fusion is not caused by an inhibition of
Na1yH1 exchangers. In addition, it is important to mention that
amiloride-sensitive Na1 channels do not seem to be involved in
the fusion process. Indeed, 10 mM amiloride, which should block
any type of amiloride-sensitive Na1 channel (27), does not affect
fusion (P 5 0.9; data not shown).

T-Type Ca21 Channels Generate a Window Current at Hyperpolarized
Potentials. T-type Ca21 channels produce a transient inward
current during depolarizing steps as they activate and then
inactivate during sustained membrane depolarizations. A com-
plete inactivation of the T-channels during a depolarizing step
will lead to a current that is entirely transient. On the other hand,
if a tiny fraction of the channels does not inactivate during the
step, there will be a small steady-state current. This steady-state
current, referred to as a window current, can exist when there is
an overlap of the voltage range for activation and inactivation.
Because a small but sustained inward Ca21 current (even smaller
than 1 pA) can potentially generate a relatively large increase in
[Ca21]i, we looked for the presence of a T-window Ca21 current
in fusion-competent myoblasts.

We found that the T-channels expressed in fusion-competent
myoblasts should be able to generate a window current at
hyperpolarized potential (Fig. 5 A and B). From the voltage
dependence of activation and inactivation evaluated in 11 fusion-
competent myoblasts, we computed that a maximum window
current was generated at a potential of 258 6 2 mV (Fig. 5B),
and that its amplitude would amount to 20.37 6 0.01 pA (for
details, see Table 1). Because of the effects on surface charge
screening by most divalent cations (28), window currents were
always evaluated in a bath solution containing a physiological
Ca21 concentration (1.8 mM).

To confirm that the computed T-window Ca21 current exists
at hyperpolarized potentials, we voltage-clamped cells at poten-
tials between 245 and 275 mV for several seconds and looked
for a steady-state inward current (Fig. 5C). As the amplitude of
the window current was expected to be below the resolution of
whole-cell recordings in fusion-competent myoblasts, these ex-
periments were performed in small myotubes, which have higher
T-current densities. We believe that this is legitimate because the
voltage-dependent characteristics of the T-current in fusion-
competent myoblasts and myotubes are statistically identical
(Table 1). In six small myotubes (113 6 14 pF), a steady inward
current of 23.00 6 0.65 pA was measured. This sustained inward
current was generated by a holding potential of 257 6 1 mV. In
the same six myotubes, the T-window current computed from the
voltage dependence of activation and inactivation was maximum

at 259 6 3 mV and had a mean amplitude of 22.77 6 0.5 pA.
Taken together, these results demonstrate that fusion-
competent myoblasts and freshly formed myotubes are endowed
with a T-window Ca21 current that is activated at potentials near
260 mV.

A T-Window Current Is Sufficient to Increase [Ca21]i. The aim of the
next experiment was to demonstrate that a T-window current
elicited at hyperpolarized potentials can generate an increase in
[Ca21]i. For this purpose, small myotubes were stepped to three
different membrane potentials, and [Ca21]i was simultaneously
evaluated with indo-1. The first voltage step moved the potential
below the activation range for T-channels (275 mV) and hence
should not generate any Ca21 current or [Ca21]i change. The
second voltage step was to a voltage range in which T-channels
activation and inactivation curves overlap (255 mV) and should

Fig. 5. Whole-cell properties of the T-type Ca21 current. Ca21 (1.8 mM) was
used as a charge carrier. (A) Fusion-competent myoblast. Circles represent the
normalized activation conductance curve (holding potential between steps
was 2100 mV) and squares the normalized inactivation conductance curve
(steady holding potential between steps lasted 10 s). Conductances were
normalized to the maximum conductance and were fitted with a Boltzmann
equation. (Left Inset) Current traces from steady-state inactivation voltage
protocol (test potential was to 230 mV). (Right Inset) Current traces during
depolarizing steps. Leak current was obtained by adding 1 mM Cd21, and was
subtracted. (B) Predicted T-window current, same cell as in A. The predicted
T-window current was obtained by multiplying the predicted T-window con-
ductance by the driving force on calcium ions. Predicted T-window conduc-
tance was calculated by multiplying the activation conductance curve (not
normalized) by the normalized inactivation conductance curve. (C) T-window
current recorded in a small myotube. The voltage protocol to obtain the
continuous line representing the computed window current was the same as
in B. Open triangles represent the inward Ca21 current directly measured
when the cell was held steadily for 3 s at potentials between 245 mV and 275
mV (steps of 22 mV). Ca21 currents were measured at the end of the 3-s
holding potentials to ensure that T-channels were at steady-state. Leak cur-
rent was estimated by linear extrapolation of the current record at potential
between 269 and 275 mV, and was subtracted. Closed triangles represent the
currents evaluated during the same voltage protocol but after addition of 1
mM Cd2. The difference between computed and directly measured window
current at potentials more depolarized than 250 mV could be explained by a
residual activation of Ca21-dependent outward currents.
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thus generate a sustained Ca21 current and consequently a
sustained [Ca21]i change. The third voltage step was to a range
in which all T-channels inactivate with time (235 mV). This step
potential should only generate a transient Ca21 current, and thus
no sustained [Ca21]i change should be seen. Step potentials were
maintained constant for more than 60 s, which is the necessary
time for [Ca21]i to reach a steady-state (especially after a step
that induced a transient Ca21 current).

Fig. 6 illustrates that stepping the potential of small myotubes
to 275 mV did not modify much the [Ca21]i and that, as
expected, stepping the potential for 60 s to 255 mV, a potential
at which the window T-current is elicited, led to a steady increase
in [Ca21]i. In five different cells, the steady increase in [Ca21]i
generated at 255 mV was 39 6 9 nM. Fitting a decaying
exponential to the data points confirmed that, after 60 s, [Ca21]i
has reached a steady-state. Fig. 6 also shows that a step to 235
mV only elicited a transient [Ca21]i, and that no significant
steady-state increase of [Ca21]i was observed at this potential.
Furthermore, the sustained [Ca21]i increase seen at 255 mV did

not occur when mibefradil, a potent T-channel blocker (10), was
added to the superfusion solution (Fig. 6 Inset). We therefore
conclude that T-channels can be activated steadily at hyperpo-
larized potentials and can carry a current that is large enough to
modify [Ca21]i.

Discussion
Ca21 signaling plays an essential role in the terminal differ-

entiation (fusion) of skeletal muscle myoblasts. The goal of this
study was to document this Ca21 signal and identify the mech-
anism responsible for it. Using human myoblast clonal cultures,
we evaluated the precise temporal expression and role of volt-
age-gated Ca21 channels in the fusion process. Human myogenic
cells can either be maintained in an undifferentiated state or, by
a simple change of culture medium composition, rapidly trig-
gered to differentiate and fuse (14). This property allows us to
investigate events at the onset of fusion using fusion-competent
myoblasts (16).

In previous work, we found that myoblasts, as they acquire
fusion-competency, hyperpolarize because of the sequential
expression of two different K1 currents (Fig. 7). An ether-à-
go-go K1 current is expressed first and hyperpolarizes fusion-
competent myoblasts to an intermediate resting potential of
approximately 230 mV (12, 29, 30). Then, slightly before fusion,
the expression of an inward rectifier K1 current causes fusion-
competent myoblasts to hyperpolarize further to approximately
265 mV (11). Inhibiting the inward rectifier K1 current prevents
fusion (11).

In the present study, we show that T-type Ca21 channels are
expressed before fusion and can induce an increase in [Ca21]i.
Inhibiting T-channel activity prevents both the increase in
[Ca21]i in fusion-competent myoblasts and the process of fusion.
Interestingly, at hyperpolarized resting potentials, the T-type
channels expressed can give rise to a window Ca21 current large
enough to increase [Ca21]i in fusion-competent myoblasts. We
suggest that the Ca21 signal necessary for fusion is produced

Fig. 6. The T-window Ca21 current is large enough to induce a change in
[Ca21]i. Myotubes had a mean capacitance of 160 6 28 pF. Ca21 (1.8 mM) was
used as the charge carrier. The main graph represents the mean 405 nmy485
nm indo-1 ratio variations of five small myotubes during three different
voltage steps. The cells were stepped at 275 mV (squares), 255 mV (circles),
and 235 mV (triangles) for 75 s because it is the required time for [Ca21]i to
reach a steady-state. Maximum ratio increases during the step to 235 mV were
normalized to 1. Continuous and dashed lines are decaying exponential fitted
to the data points. (Inset) Indo-1 fluorescence ratios were evaluated during
the last 10 s of the three voltage steps. Closed symbols represent the [Ca21]i in
control conditions, and open symbols the [Ca21]i when mibefradil (10 mM) was
added. Same five cells as main graph. Note that mibefradil was used rather
than amiloride or Ni21 because these agents affected the fluorescent signal of
the extracellular solution.

Fig. 7. Model of the events leading to an increase in [Ca21]i in fusing
myoblasts.

Table 1. Summary of the voltage-dependent properties of T-currents recorded in fusion competent myoblasts
and small myotubes

Fusion-competent myoblasts, n 5 11 Myotubes, n 5 15

Cell capacity 37 6 7 pF 139 6 12 pF
Maximum conductance 0.27 6 0.05 nS 3.18 6 0.66 nS
Activation curve: Vo and Q 242 6 2 mV and 4.6 6 0.2 e.c. 242 6 1 mV and 5.3 6 0.3 e.c.
Inactivation curve: Vo and Q 263 6 2 mV and 5.9 6 0.5 e.c. 265.1 6 1 mV and 5.9 6 0.4 e.c.
Vm for maximum window current 258 6 2 mV 257 6 1 mV
Maximum window current size 20.37 6 0.08 pA 22.57 6 0.64 pA

Ca21 (1.8 mM) was used as a charge carrier. Vo is the voltage of half-activation of half-inactivation, Q is the gating charge and is
expressed as a multiple of the elementary charge (e.c.), and Vm is the membrane potential.
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when the resting potential of myoblasts enters the domain of the
T-window current, at hyperpolarized resting potentials.

A [Ca21]i Increase Is Observed in a Subpopulation of Fusion-Compe-
tent Myoblasts. We found that about 20% of fusion-competent
myoblasts had an elevated [Ca21]i after 2–4 days in differenti-
ation medium. We should make it clear that this subpopulation
represents myoblasts with an elevated [Ca21]i at the time of the
evaluation in low density cultures. It is possible that the small
proportion of fusion-competent myoblasts with T-channels act as
pioneer cells that promote fusion in surrounding cells. We do not
favor this possibility because T-channel density is higher in
freshly formed myotubes than in fusion-competent myoblasts,
and a smaller T-channel density would be expected in freshly
formed myotubes if they were generated mainly from cells
without T-channels. However, an up-regulation of T-channel
expression immediately after fusion cannot be excluded. An-
other explanation for the low percentage of fusion-competent
myoblasts with high [Ca21]i is that myoblasts normally stimulate
one another by autocrine mechanisms (31) and that this is less
likely to occur in low density cultures. Finally, as we shall discuss
below, it is also possible that the [Ca21]i oscillates in fusion-
competent myoblasts so that, at a given time, only a fraction of
the cells can be detected with a high [Ca21]i. It should be
mentioned that, as the direct demonstration of T-channel ex-
pression and myoblast fusion is not presently feasible in the same
cell for technical reasons, we cannot exclude that another
molecular mechanism leading to Ca21 entry and fusion may
coexist with the one described in this paper.

T-Type Ca21 Channel Openings and Ca21 Entry. Our initial hypothesis
was that T-channels, in combination with voltage-gated Na1 and
K1 channels, would contribute to the generation of bursts of
action potentials just before fusion (11). However, as a high
concentration of tetrodotoxin does not affect fusion (10 mM,
data not shown), it seems unlikely that Na1 channel-linked
action potentials are necessary to activate T-channels.

The data presented here point to another mechanism of Ca21

entry via T-channels: i.e., the activation of a T-window Ca21

current. This window current, generated by the overlap of the

T-channel activation and inactivation voltage range, is situated
in the domain of voltages in which fusion-competent myoblasts
operate when they have expressed inward rectifier K1 channels
(265 6 12 mV, mean 6 SD). Thus, the hyperpolarization from
approximately 230 mV to 265 mV induced by inward rectifier
K1 channels and observed just before fusion (11) would, on its
own, suffice to open T-channels and to induce the increase in
[Ca21]i we observe in fusion-competent myoblasts (Fig. 7). We
cannot exclude, however, that other forms of activation of
T-channels could occur during fusion.

It is worth mentioning that a sustained inward window Ca21

current of about 0.5 pA (caused by steady T-channels activation)
would rapidly load the cell with Ca21 if no compensatory
mechanisms are activated. Although myoblasts are partially
dialyzed by the patch electrode, we found that holding them for
1 min at 255 mV increased the [Ca21]i by about 40 nM (see Fig.
6). A possible mechanism to avoid Ca21 overload could be an
up-regulation of Ca21-ATPase pumps at the time of fusion. A
Ca21-ATPase muscle-specific isoform is expressed at myotube
formation in mouse C2 myoblasts (32). Another possible way of
reducing Ca21 entry would be the activation of Ca21-activated
K1 channels, which would drive the membrane potential toward
EK, i.e., away from the window domain, allowing Ca21 extrusion
mechanisms to reduce [Ca21]i.

Interestingly, an effect of the window T-current could be
mediated by an acetylcholine-like compound that human myo-
blasts synthesize and release in a Ca21 dependent way (31). As
acetylcholine has been shown to accelerate fusion (16), Ca21

entering through the window of the a1H T-channel of fusion-
competent myoblasts could trigger release of this compound and
thereby favor differentiation of neighboring cells, or contribute
to further increase [Ca21]i through muscle nicotinic acetylcho-
line receptors, which are permeable to Ca21 (33).
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